Ferroelectret is a thin and flexible cellular polymer foam that generates electrical power under mechanical force. This paper reports the fabrication and testing of an easy to assemble ferroelectret which is made from two fluorinated ethylene propylene (FEP) films and a standard polymer foam formed into a sandwich structure. The measured piezoelectric coefficient d33 of the FEP-porous polymer ferroelectret is 1000 pC/N. The energy harvester based on the FEP-porous polymer ferroelectret generate an output power of 6.4 µW. This is corresponding to volume unit power output of 62.4 µW/cm 3 . The practical electromechanical coupling factor is achieved at 0.107. Within 40 seconds, a 10 µF capacitor is charged up to 0.2 V by the FEP-porous polymer ferroelectret harvester through a rectifier.
Introduction
With the development of wearable technology, there is a significant trend for multifunctionality, intelligence and miniaturization [1] [2] . One aspect of wearable technologies is the challenge of supplying power, and this makes low power operation essential. There is also the motivation to investigate alternative power supplies such as energy harvesting to augment the typical battery and extend time between charges [3] . Energy harvesting technologies that, for example, harvests energy from human movement can potentially provide a power source for these wearable devices. Harvesting energy from human motion is challenging due to the large amplitude low frequency movements [3] and whilst piezoelectric materials are widely used, conventional piezoelectric materials such as bulk ceramic lead zirconate titanate (PZT) is hard and brittle and is therefore unsuitable for most applications. Other forms of PZT have been used successfully in some applications such as capturing energy from footfalls to power a shoe mounted sensor system and harvesting energy from heart motion to supply a pacemaker [4] [5] . The piezoelectric polymer polyvinylidene fluoride (PVDF) has also been used and this has the advantage of being soft and flexible but has low piezoelectric properties [6] . Therefore, there is the need to develop a piezoelectric material with high piezoelectric activity, low Young's modulus and the ability to stretch and conform for wearable applications.
Ferroelectrets, also known as piezoelectrets, are thin flexible polymer films that store electric charges in internal voids. These exhibit strong piezoelectric effects and are typically flexible compliant materials highly compatible with wearable applications [7] . The typical internal structure of a ferroelectret foam is randomly arranged cellular voids with positive and negative charges stored separately on each surface of the void, such as polypropylene (PP) ferroelectret [8] . Due to the low elastic modulus of the polymer, the electrically charged voids will undergo large deformation when compressed, leading to strong piezoelectric effect. Due to its improved piezoelectric properties in comparison with other material, numerous 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t applications of have been suggested, such as acoustic transducers (high frequency loudspeakers, ultrasonic transmitters and receivers and hydrophones) and accelerometers [9] .
Most of the existing commercial ferroelectret foams are produced using a blow and extrusion process on polymer films. The individual void geometry and overall cellular structure of the ferroelectret foam are typically ill-controlled due to the stochastic nature of these fabrication processes. This traditional fabrication process is expensive, complex is not suitable for fabricating ferroelectrets from other polymer materials [10] .
In this work, a low cost and straightforward fabrication method for combining a fluorinated ethylene propylene (FEP) film with standard polymer foam to realise a ferroelectret transducer is presented. The flexible polymer foam is sandwiched between two thin FEP films and forms a mechanical spacer. FEP is an excellent electret material that can store a high level of charge and is stable over time. The foam acts as a spring that generates a mechanical restoring force returning the electret to its original geometry after the applied force is removed. This paper introduces the ferroelectret design, a theoretical model for predicting performance and the fabrication method. The ferroelectret is characterised experimentally to determine the piezoelectric coefficient d33, the stability of the device over time and the materials energy harvesting potential by charging a capacitor.
Device description
The device has a sandwich structure that consists two thin FEP films separated by a porous polymer foam, as shown in Figure 1 A c c e p t e d M a n u s c r i p t A macroscopic dipole moment is formed by the separated charges resulting in piezoelectric like properties. The macroscopic dipole moment is determined by two factors: the amount of charge and distance between the separated charges. When the ferroelectret is compressed, to maintain the electrical neutrality, the electrical field in the void is compensated by induced charge on the electrodes that are generated by the stored internal charge. The low elastic modulus of the polymer foam allows large deformation of electrically charged void when the device is compressed by a mechanical stress. The magnitude of the piezoelectric property d 33 of the ferroelectret is determined by the amount of stored charge and the Young's modulus of the ferroelectret. If the electrodes are connected to a load, a current is generated. In addition to being highly compressible and flexible, the foam also prevents the FEP films from touching which would otherwise discharge the trapped charge rendering the ferroelectret inactive.
The piezoelectric like properties of ferroelectrets has already been theoretically analysed [11] [12] [13] [14] [15] [16] [17] [18] . In order to analyse the piezoelectricity properties of the proposed ferroelectret, a simplified model for the piezoelectricity of the FEP-porous polymer ferroelectret is illustrated in Figure 2 . For this simplified model, the electric field in the FEP layers (E1) and porous layer (E2) can be obtained from Gauss' law for the interfaces:
Where σ m is the charge density on the electrodes; σ is the charge density on void surface; and ε 1 and ε 2 are the dielectric constant of FEP and polymer foam, respectively. From Kirchhoff's second law under short circuit conditions:
Where V is the electric potential across the electrode pair and x 1 and x 2 are the thickness of FEP and porous polymer layers respectively. Substituting Eq. (2) into Eq. (1) leads to:
Therefore, the variation in the charge density on the electrodes (∆σ m ) can be expressed as a function of the thickness variation (∆x 1 and ∆x 2 ) as:
The application of an external force deforms the structure, and the relationships between the resulting stresses and strains can be expressed as: A c c e p t e d M a n u s c r i p t 
According to equation ( 
Preparation of FEP-porous polymer ferroelectret
The schematic of the FEP-polymer foam ferroelectret fabrication process is illustrated in Figure 3 . A thin layer of double sided adhesive tape was patterned and attached to the side of the FEP film without the electrode. Then, the thin piece of polymer foam was placed in the central area where the FEP film was not covered by the adhesive film. To seal the entire structure, the other layer of FEP film was attached to the other side of the adhesive film. The ferroelectret was then charged by placing it in a high electric field using a corona poling rig. A corona-tip voltage of -30 kV and a charging time of 60 seconds was employed [20] . 9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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Results and discussions
In order to characterize Young's modulus of the seven porous polymer, stress-strain tests were performed by the Instron E1000. The results were compared with the piezoelectric properties of the seven ferroelectret, as shown in Figure 4 (a) . The Young's modulus of these porous polymer samples was calculated from the expression:
Where F is the force applied to the sample in the thickness direction, A is the area of the cross section perpendicular to the applied force, ΔL and L is the change in length and original length of the sample, respectively. Table 1 also shows the theoretical electromechanical coupling factor (k33) (estimated by Eq. 8) and theoretical piezoelectric voltage constant (g33) (calculated from Eq. 9) for these seven FEP-porous polymer ferroelectrets. From this table, the highest electromechanically coupling factor and piezoelectric voltage constant are obtained by the FEP-porous polymer ferroelectret with the lowest Young's modulus. The FEP polymer foam ferroelectret have extremely high g33 in comparison to all the other piezoelectric materials: PZT (0.01), PVDF (0.2) and PP (30) [21] [22] . The calculated coupling factor k33 using measured d33 values is not 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t as high as the bulk ceramic PZT (~0.7), but is higher than the other polymer materials PVDF (0.1-0.15) and PP (0.08) [21] [22] .
The negative output pulses are produced by the deformation of the sample when the compressive force is released and the magnitude of the negative output voltage is much less than the positive output voltage. This can be explained by considering the duration of force applied. As mentioned in section 2, the generated charge is directly proportional to the macroscopic dipole moment variation, which is caused by the deformation of the sample. Hence, the generated output voltage can be expressed as:
Where V is the output voltage, ∆Q is the variation of charge, t is the time and R is the load resistance. For the positive peak, from Eq. (11), the peak voltage is directly proportional to the ramp rate of the applied force, which is controlled by the ElectroPuls E1000. In contrast, for the negative peak, the duration of deformation after the load is released is mainly determined by the elastic properties of polymer foam. The effective ramp rate is therefore lower that when the force is applied and therefor the peak negative voltage is less than the positive peak. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t in total) , corresponding to an average energy of 5 nJ/cycle, or 5 nW. The average power output is far less than the electric energy trough the bridge rectifier. This is due to the effect of the impedance mismatch between the rectifying circuit and the optimal resistive load, the voltage drop of diodes and the high ramp speed/low frequency, which means no output is generated for large parts of the output trace shown in Figure 7 (b) .
Conclusions
In this work, a low cost and rapid fabrication method for ferroelectret has been reported. It enables the rapid formation of a ferroelectret from a stable polymer electret film (FEP) utilizing any compressive polymer material as mechanical spacer. Due to the materials involved and the device dimensions, it is a lightweight and flexible assembly very well suited to wearable electronics. The piezoelectric properties of the fabricated FEP polymer foam ferroelectret are maximised by utilizing a spacer material with lowest Young' modulus. The piezoelectric properties of the FEP polymer foam ferroelectret were found to stabilise after 13 days providing a stable long-term ferroelectret solution under typical indoor conditions. The lowest Young's modulus spacer foam results in a maximum peak output voltage of 8 V when compressed by 350 N equating to a peak output power of 6.4 µW when connected to a 10 MΩ resistive load. The maximum practical coupling factor k33 of the sample is achieved as 0.107, which is almost one third of the theoretical calculated value. This output can be rectified and used to charge a storage capacitor and in this case provides an average output power of 5 nW 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t after rectification when compressed at a frequency of 1 Hz. Further work to improve this includes investigating spacer materials that increase the pulse duration potentially increasing the energy output and optimising the rectifier circuit. This fabrication method can also be used with other soft mechanical spacer materials such as fabrics making it potentially suitable for integrating into e-textile devices. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
